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PREFACE 

Although shield technology was developed to a certain extent long before 0 
the operation of the first nuclear reactor, there still remain many areas 
that need further refinement. As a general rule, many of the interactions 
of radiation with shield materials a r e  known to the extent necessary to 
generate a shield design based on approximate methods of analysis. The 
differential reaction cross  sections, however, a r e  not available at this 
time for many of the materials of interest for the routine computations of 
radiation penetration and shield heating using more sophisticated analytical 
techniques. The use of Monte Carlo programs have helped in the analysis 
of shields of complex geometries, but these techniques a re  not available to 
every shield designer and should not be used for the early phases or  the 
preliminary shield designs. 

on Introduction to Nuclear Propulsion should give the reader who is not 
familiar with shielding technology an indication of the basic concepts that 
he may encounter in his work in nuclear propulsion design. Recognizing 
these concepts should help the reader communicate better with the shield 
experts and to request specific analysis so that the contribution to the 
overall design would be the best possible. 

It is important to recognize that the one important output that a propul- 
sion engineer requires from the nuclear shield engineer a re  the radiation 
levels within the shield and also those external to the reactor-shield 
assembly. Based on this information he may consult the materials engineer 
regarding radiation damage, induced activity or the thermodynamics and 
s t ress  engineer regarding materials integrity. 

Isodose patterns such as shown for the NERVA engine (Figure Pl) a re  
common figures of the type that appear in all design specifications of nu- 
clear propulsion systems. Based on such patterns, either given as isodose 
or  isoflux lines about an operating or shutdown reactor, the optimization 
of the overall nuclear vehicle system can be made. 

Some of the radiation problem areas  external to the reactor-shield 
assembly have been discussed in a recent article on the RIFT program by 
Col. W. C. Fellows in the recent issue of Astronautics (December 1962). 
Col. Fellows indicates the sources of radiation that would be encountered 
by a nuclear powered vehicle when tested on the ground, in the air and off 
into space. The vehicle structure and equipment will also perturb the ra- 
diation patterns shown in Figure P1. The structure scattering, air scatter- 
ing and radiation heating mentioned by Col. Fellows are illustrated in 
Figure P2. 

The material of Shield Physics covered in lectures 5 and 6 of the course 
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These lecture notes are based to a large extent on past experience in 
the GE-ANP program and reflect in several cases work generated by 
Gunnar Thornton and W. E. Edwards either in discussions or through 
their various reports. 

As a further guide to the reader who may be required to dig deeper into 
shield theory, experiment or design either by choice or by job assignment, 
the following references should be reviewed and studied. 

Reactor Handbook, Second Edition 
Volume III, Part B, Shielding 
Blizard and Abbot 
Interscience Publishers 
1962 

Fundamental Aspects of Reactor Shielding 
Goldstein 
Addison-Wesley Publishing Company, Inc. 
1959 

Radiation Shielding 
Price, Horton and Spinney 
Pergamon Press 
1957 

Reactor Shielding Des ip  Manual 
Rockwell 

(1956) 

Principles of Nuclear Reactor Engineering 
Glasstone 
Van Nostrand 
1955 

TID-7004 

Introduction to Nuclear Engineering 
Stephen son 
McGraw-Hill Book Company, Inc. 
1954 

Gas-Cooled High-Temperature Nuclear Reactor 
Design Technology. Part E. Shield Design 

FPLD 
General Electric Company 
1962 

APEX-800, Part E 
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FIGURE P1 

OPERATIONAL RADIATION LEVELS FOR SHIELDED NERVA ENGINE 
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1 0 INTRODUCTION 

A shield is needed to protect personnel and equipment from the ad- 
verse effects of nuclear radiation. Although shielding technology was 
developed long before the operation of the first nuclear reactor, the 
application to high performance nuclear propulsion systems requires 
further refinements 

The approach to the problem of radiation protection in the vicinity of 
an operating nuclear power plant may be generalized in the following 
manner. A mass of radioactive or of fissioning material may affect an 
observer principally by any one of three methods or combinations of 
these methods. The radiation may (1) penetrate whatever shield ma- 
terial has been set up to protect the observer, (2) be reflected (scatterdd) 
from the surroundings, such as buildings, structures, or air, to an ob- 
server who is screened from the direct rays of the radioactive source, 
or (3) in turn induce activity in materials or equipment which a r e  in the 
vicinity of the neutron environment and subsequently transported into the 
observer's vicinity. Of course, the length of time that the observer r e -  
mains in the radioactive field also determines the total radiation received. 

1. In the simplest case the source is considered to be monoenergetic 
and infinitely small for means of calculating the radiation pene- 
tration. The intensity of the radiation then decreases with the square 
of the distance between the source and the observer. This divergence 
is generally called the geometrical attenuation. If some shield ma- 
terial is interposed, the intensity decreases exponentially with the 
thickness of the shield. This effect is generally called material 
attenuation. These conditions, however, are seldom realized in  
practice and a working calculation must therefore take into account: 
(a) the finite dimensions of the source, (b) the energy spectrum of the 
source, (c) the effect of the absorption of the radiation within the 
source itself, and (d) deviations from the idealized exponents1 
absorption law. 

2. If the shielding material does not completely surround the radio- 
active source, the radiation may scatter or reflect, from various 
objects along its line of sight, back to the position of the observer. 
Coolant ducts, instrument channels and other voids in the shield 
material may be sources of scattered radiation. In many cases 
secondary shielding may be placed, to protect the observer, either 
in the shield region or in the vicinity of the observer. 

3. The activity from material or equipment that is exposed to neutron 
radiation may be calculated if the cross  section for activation, the 
conditions of exposure and the nature of the induced activity a r e  
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known. These radioactive materials such as equipment, fuel ele- 
ments, test specimens will require shielding when they are removed 
from the neutron environment and placed in the vicinity of the ob- 
server. If the radioactivity is too high or the time for decay is very 
long, the equipment may be discarded by burial or may be maintained 
by means of remote tools and the use of hot cells. 

The first step in the design of any shield is the definition of the radio- 
active source. The necessary nuclear quantities are the spatial and the 
energy distribution of all sources of neutrons and gamma rays. Accurate 
definition of these quantities requires detailed howledge of the distrihtien 
of the fission, neutron capture, and any elastic or inelastic scattering with- 
in the reactor-hflector assembly. Only a refined reactor analysis can 
develop this information. 

' 
/ 

i 

Ordinarily, a power density distribution is available from the prelimi- 
nary design reactor engineer. A first assumption is that the distribution 
of all sources is the same as the power density distribution. This source 
configuration may be approximatdd by a combination of a coaine and an ex- 
ponential function. In fact the assumption of a flat source distribution map 
be entirely adequate in the first shield analysis. After the power level is 
defined, the fission rate may be established. 

1.1 SOURCES OF RADIATION PARTICLES 

Radiation from nuclear reactors which are important to shield designers 
are summarized in Figure 1. In principal, the radiation which might 
escape a reactor system include alpha and beta particles, gamma rays, 
neutrons, fission fragments, and even protons resulting from the (n, p) 
reaction. The energy of these particles will vary considerably. As f a r  
as the shield design is concerned, however, only gamma rays and neutrons 
aeed be considered. These radiations are by far the most penetrating. For 
instance, any material which could attenuate the gamma rays and neutrons 
to a sufficient extent will automatically reduce all the others to negligiblk 
proportion. 

More than 99 percent of the neutrons which are liberated in fission, 
are released promptly with energies ranging from about 0.5 Mev to ap- 
proximately 14 MeV and higher. These fast neutrons are slowed down as 
a result of elastic collision with a moderator or by inelastic collision 
with nuclei of heavier elements and some will escape from the active core 
of the reactor. Some of the neutrons, however, will be subsequently ab- 
sorbed within the reactor system. In the case of inelastic scattering of 
neutrons, the excited target nucleus will release its excess energy in the 
form of gamma radiation. On slowing down many neutrons will be absorbed, 
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releasing gamma radiation. This reaction is generally called the (n, y)  
or  capture gamma reaction. In addition to capture by moderating material 
and structural material, it must be remembered that both uranium and 
other fuels will absorb neutrons as a non-fission or  parasitic capture. 

If beryllium or  deuterium is present in the reactor, the action of gamma 
rays, i f  of sufficient high energy, will produce photo-neutrons. This photo- 
neutron reaction is designated as a (y, n) reaction. 

The interaction of the various gamma photons with material will produce 
photoelectrons, Compton electrons, and for energies in excess of 1.02 MeV, 
position-electron pairs. As these electrons are slowed down, Bremsstrah- 
lung will be produced, while the recombination of electrons and positrons 
will result in the formation of annihilation radiation of energy 0.51 MeV. 

By this time it should be obvious that nuclear radiation escaping from 
a reactor will be very complex in nature. In addition when the neutrons 
and gamma radiations of various energies enter the shield, they will 
s-&fer interactions of the same type as those that occur within the reac- 
tor. Therefore, throughout the shield there will be produced secondary 
gamma radiations due to inelastic scattering, capture and other proc- 
esses involving nuclei constituting the shielding material. Unless proper 
precautions are taken in  the design of the shield, the secondary com- 
ponents of the radiation could lead to serioue design problems. For ex- 
ample, if a slow neutron were captured near the outside of the shield, 
it could give rise to capture gamma radiation of high energy which might 
emerge from the shield with little or no energy loss. 
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2.0 SUMMARY OF BASIC RADIATION PHYSICS 

2.1 GAMMA RAY CROSS SECTION 

Although there a r e  approximately seven types of reactions that could 
influence the penetration of gamma photons (gamma rays) through matter, 
only three reactions a re  generally used in most of the routine shielding 
calculations. The interaction of these gamma photons with matter may 
result in complete absorption or they may be degraded in energy and de- 
flected from its original path. The effectiveness of a shield in attenuating 
gamma rays is, therefore, determined by the combined effect of several 
of these processes occurring at the same time or successively. In general, 
the photon energies of interest to the shield designer are between 0.1 and 
10 MeV. 

2.1 1 Photoelectric Effect 

In the photoelectric effect a gamma ray photon with energy greater than 
the ionizing energy of an orbital electron in an atom, interacts with the 
latter in such a way that the whole of the gamma ray energy is transferred 
to the electron which is consequently ejected from the atom. The photo- 
electron, as it is called, behaves like a beta particle in its passage through 
matter. The extent of the photoelectric interaction depends on both the 
energy, E, of the gamma radiation and the atomic number, Z, of the ab- 
sorbing material. A s  a rough approximation, 

Z” 
E3 Probability of photoelectric interaction’” constant x 

where n varies from 3 for gamma rays of low energy to 5 for gamma 
rays of high energy. It is apparent, therefore, that the photoelectric 
effect increases with increasing atomic number of the absorber and 
with decreasing energy of the gamma rays. Following the expulsion of 
the photoelectron, another electron, from an outer orbit, takes its 
place in the atom; this transition is accompanied by the emission of 
characteristic X-rays. 

2.1.2 Compton Scattering 

In Comptonmsattering a gamma ray photon makes an elastic (or billiard 
ball) collision with an outer electron of an atom of the absorbing material. 
Such an electron is loosely bound so that it behaves as if it were com- 
pletely free. In the collision both momentum and energy a re  conserved, 
$and part of the incident photon is transferred to the electron; at the same 
time the photon is deflected, that is, scattered from its initial path (see 

e 
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Figure 2). The relation between the energy E of the incident photon, E" 
of the scattered photon, both in MeV, and the scattering angle 8, is given 
by 

Since the Compton effect involves interaction between a photon and an 
electron, its magnitude is dependent upon the number of orbital electrons 
in the atom of the absorber; this is the same as the atomic number. The 
Compton interaction is, therefore, directly proportional to the atomic 
number of the absorber so that, like the photoelectric effect, it is more 
significant with materials of high atomic number. The energy dependence 
of the Compton effect is given by the Klein-Nishina formula. This is 
somewhat too complicated to reproduce here but it can be stated that the 
Compton interaction decreases monotonically with increasing energy of 
the gamma radiation. As a rough approximation, it is possible to write 

14  
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0.51 
0.51 
E 1 - c o s  e + -  

If the scattering angle is small, cos 8 1 and then E' is approximately 
equal to E. This means that the scattered photons with energy close to 
the energy of the incident photon, proceed in a nearly forward direction. 
On the other hand, for  8 = 90°, cos 8 = 0 and then E' is equal 

E' = '* 51 E < 0.51 Mev E + 0 . 5 1  (3) 

Consequently a photon scattered at right angles can not have energy 
greater than 0.51 MeV. This effect is very important in the calculation 
of the shielding required to protect personnel or equipment from gamma 
radiation which is scattered from an air medium, or as in the case of a 
space propulsion, from the vehicle structure. 

The fraction of the initial energy carried by the scattered photon for 
different scattering angles may be obtained from Equation 4. 



l -  

ZI Probability of Compton interaction Z constant x - 
E 

The significant difference between the photoelectric and Campton effects 
is that the photoelectric effect is a true absorption process; that is to say 
the photon is absorbed as stated above. In the Compton process, however, 
b e e  is merely a decrease in photon energy, the extent of this decrease 
being greater the larger both the initial energy and the scattering angle. A 
photon which has been scattered in a Compton interaction will thus still be 
present in the medium, although it will have a somewhat lower energy and 
may be moving in different directions. 

2 .1 .3  Pair Production 

In the pair production reaction, a gamma photon with energy in excess 
from 1.02 MeV passes near the nucleus of an atom, and the photon can 
be annihilated in a strong electrical field with the formation of the electron- 
positron pair. Since the energy equivalent of the total mass of an electron 
and -positron is 1.02 MeV, this is the millimum emrgy ~ e c e s s z r g  for  the 
production of the pair of particles. Any e n e r h  of the gamma ray photon 
in excess of 1.02 MeV appears mainly 8s kinetic energy of electron and 
positron, with a small fraction transferred to the atomic nucleus. The 
particles produced tend to travel in a forward direction, the effect becoming 
more evident with increase in gamma ray energy. 

is related to the atomic number Z of the absorber by 
The extent of pair production by gamma radiation of energy E (in MeV) 

Probability of pair production constant x Z2(E - 1.02) (6) 

so that it increases with the atomic number with the absorbing material 
and with increasing photon energy in excess of 1.02 MeV. For absorbers 
of high atomic number, it becomes a dominant type of interaction for 
gamma rays for energies in excess of about 5 MeV. 

As in the photoelectric effect, pair production results in absorption of 
gamma rays photonso It is true that some of the positrons formed will 
be neutralized by the electrons nearby and produce annihilation radiation, 
consisting in general of two 0.51 MeV photons. 

The gamma ray total mass absorption cross  sections for a few of the 
common shielding materials are given in Figure 3. Figure 4 shows the 
energy absorption cross sections for the same materials. The difference 
between the energy absorption and the total cross  sections is due to the 

15 



Compton process which removes the photon from the beam by scattering, 
but does not remove all of its energy in that scattering event. An indica- 
tion of the relative importance of the three types of gamma ray interaction 
with matter a r e  shown in Figure 5 for the case of a low Z and a high Z 
material. Figure 6 is a plot of the total linear absorption cross sections 
for concrete and various window glasses used in reactor test facility 
designs. 

2.2 NEUTRON CROSS SECTIONS 

A high performance mobile reactor shield must absorb both the neutron 
and the gamma photons with the minimum thickness and weight possible. 
Since very little direct capture of fast neutrons occur, the removal of fast 
neutrons in the shield will, therefore, depend mainly on slowing down 
(moderation) to thermal energies where they are subsequently captured. 
For the attenuation of moderately fast neutrons (0.1 to 5 MeV) it is prac- 
tically essential that the shielding material contain some low Z material 
such as beryllium, lithium, or hydrogen. The loss of energy per collision 
is greater with hydrogen, since the fractional energy lass  of a neutron on 
collision with a nucleus of atomic weight A is proportional to A/(A + 1)2, 
which is a maximum for A = 1. However, for neutrons above about 5 Mev 
a high Z material may result in a better shield based on a thickness 
criteria, due to the higher inelastic scattering cross  section. The choice 
of material wi l l  depend therefore on the design objectives of the shield 
system. 

A s  a general rule, after a fast neutron makes its first collision in  a 
hydrogeneous shield, its motion can be described as a diffusion in which 
the net forward progress through this shield is relatively slight. The dif- 
fusion usually ends with thermalization and capture of the neutron in the 
vicinity of its first collision. In a nonhydrogeneous engineered shield 
material, the capture may take place at some distance from the initial 
collision. This is not true,for instance, for high purity carbon which is 
used as a thermal neutron column for transporting a copious quantity of 
neutrons out of a reactor to some experimental apparatus. In many cases, 
a poison such as boron or lithium, which have a large thermal neutron 
absorption cross section, is added to the shield material to increase the 
captures within the shield. In any event a neutron shield material must 
be able to reduce the intensity of the fast neutron flux as it penetrates the 
shield. Since collisions will reduce the neutron energy, the scattering 
or absorption rate will also vary since the material will have different 
reaction cross sections for the different energies. The knowledge of the 
cross sections a re  of considerable importance in the calculation. of the 
final removal of neutrons in a shield. 
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2.2.1 Total Cross Sections 

Figure 7 shows the variation of the total neutron cross  section for iron 
and water. The effect of the hydrogen in the water becomes obvious for 
neutron energies below about 1 MeV. The resonance structure of the water 
cross section above 1 MeV is due to  those present in the oxygen. Note the 
dip in the total cross  section of iron at about 24 Kev. This type of window 
in cross  sections will essentially pipe through (transport) the medium a 
large number of neutrons of that energy, 24 Kev for the case of iron. Add- 
ing elements, such as chromium, manganese, nickel or others, to the iron 
will essentially cover the window in the cross  section so that the neutrons 
will not leak out at that energy. This phenomena has been experimentally 
verified. ' *  

2.2.2 Removal Cross Sections 

Fast neutron removal cross  sections have been experimentally deter- 
mined at the Lid Tank Facility at Oak Ridge National Laboratory- The 
technique is to measure the neutron dose in a water medium with and with- 
out a slab of shield material interposed between Yne source of fission neu- 
trons and the neutron detector. These empbiical cross  sections corrects, 
in part, the multiple scattering of neutrons in  the shield slab and may be 
used to calculate the exponential attenuation through the material. The 
use of these cross  sections in the calculation assumes that the shield ma- 
terial is backed by at least a few inches of some hydrogenous material. 

Another cross  section that is generally used for the calculation of fast 
neutron penetration through shield material is the energy dependent fast 
neutron collimated removal cross section. This cross  section is defined 
as 

where B(E) is the average cosine of the angle of elastic scattering in the 
laboratory system at energy E. 

The fast neutron energy dependent collimated removal cross section, 
however, does not take into account the slowing down and migration of 
the neutron below several MeV. The flux intensity of high energy neu- 
trons that have penetrated to some distance within the shield will, how- 
ever, be the source of fast neutrons, at their next collision, for a subse- 
quent neutrondiffusion calculation which is used to determine the energy 
and spacial distribution of neutrons within the shield. A few of these 
cross  sections are plotted in Figure 8. 
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2.2.3 Activation Cross Sections 

L 

Structural and component materials a r e  usually alloys or mixtures 
containing several different chemical elements. Each chemical element 
in turn exists in the form of several different natural isotopes each of 
which has the same atomic number Z but a different atomic weight A. 
An isotope is designated by the symbol Z( )A For example, the symbol 
25 Fe54 designates the naturally occurring iron isotope of atomic weight 
54. Since the atomic number of iron is always 25, the symbol may be 
abbreviated to Fe54. 

A number of different type reactions a re  involved in neutron absorption 
in each isotope of a chemical element. For example, the following reac- 
tions can occur when a neutron is absorbed in the isotope Fe54. 

Type Reaction Designation 

(n, P) 

(n, 4 
(n, Y )  

(n, 2n) 

Fe54 (n, p) Mn54 

Fe54 (n, a) Cr51 

Fe54 (n, y )  Fe55 

Fe54 (n, 2n) Fe53 

The gammas, protons, etc., produced in these reactions a re  emitted 
promptly, but the resulting product isotopes such as Mn54 a r e  usually 
radioactive in  the sense that they later emit decay radiation such as 
beta particles, and, in  most cases, additional gamma photons. 

The same radioactive isotope can be produced in several different 
materials due to different types of reaction. For example, the radio- 
active isotope Fe59 can be produced in the following reactions 

Fe58 (n, y )  Fe59 

Co6O (n, p) Fe59 

Ni62 (n, a) Fe59 

A s  a general rule most of the (n,p), (n, a) and (n, 2n) reactions a r e  
possible with neutron energies above several MeV. The (n, y )  reaction is 
due primarily to thermal neutrons and in many isotopes to epithermal 
neutrons. For induced activity calculations it is convenient to consider 
the neutrons to be in three energy regions; thermal, epithermal, and 
fast, defined as: 
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Region Neutron Energy Range 

Thermal Below 0.4 ev 

Epither mal 0.4 ev to 0.1 Mev 

Fast Above 0.1 Mev 

2.3 RELAXATION LENGTH 

A quantity X = l /Z  may be defined where X is called the "relaxation 
length" for radiation in the shielding materials whose total cross  section 
is 'c reactions cm-1. Thus X has the dimensions cms. The expression for 
exponential attenuation in terms of h may be written as e-% =e-X/X. For 
a shielding thickness x = X 
length A is the thickness of material required to reduce the radiation in- 
tensity of a narrow beam by a factor of l/e- 

For a shielding thickness x =- 2. 3hj then e-ZX = e-2=3A/X = e-2.3 = 0.1. 
Thus the shield necessary to attenuate radiation of a narrow beam by a 
factor of 10 is just 2.3 relaxation lengths in thickness. A factor of 100 re- 
duction is obtained with 4.6 relaxation lengths, a factor of 1000 by 6.9 re- 
laxation lengths, etc. The quantity ZX(-~X/X) or  for shields of many layers, 
the quantity (Z1x1 + Z2x2 + 0 )  is called the relaxation length thickness 
of the shield. 

then e-A/X I- e-1 = 0.3675. Thus the relaxation 

The neutron and gamma ray relaxation lengths for some of the common 
shield materials are listed in Table 1. These values are based on the 
more penetrating high energy reactor radiations and should be used with 
care .  since the cross  section will vary with the neutron energy which in 
turn varies with the depth of penetration within the shield. The average 
neutron energy increases with an increase in shield penetration an 
effect sometimes called spectrum hardening. 

2.4 RADIATION UNITS 

.. 
c 

Photon and neutron radiation are generally described by one of two 
methods. In the more basic description of the radiation, the particle 
direction, intensity and energy at a given position in space is specified. 
This radiation field denoted the flux or current intensity (commonly 
shortened to flux or  current) m a y  be expressed in terms of numbers or  
energy. They may also be differential quantities, i. e., expressed as in- 
tensities per unit energy interval OF they may be total quantities which 
are integrated over energy. 
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TABLE 1 

RELAXATION LENGTHS' 
FOR FAST NEUTRONS AND GAMMA RAYS 

Relaxation Length, cm 
Fast Neutrons Gamma Rays Mate P i a1 DensiYg g/ (I 121 

-~ 

Lithium Hydride 
Water 
Graphite 
Beryllium 
Beryllium OxidE 
C onc F e, t e 
Barytes Concrete 
Iron 
Lead 
Uranium 
Tungsten 

8, 73 
1. 0 
1. 6 
1, 8 
2. 3 
2, 3 
3. 5 
7. 8 
11. 3 
18. 7 
19.4 

7. 8 
10 
9 
7. 5 
7. 5 

11 
8 
6 
9 
5. 6 
5.7 

41 
30 
19 
18 
14 
15 
10 
3. 7 
2. 5 
1*4 
1. 5 

*Based in part on the hzgh energy radration leaving a large; 
reactor core. 
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Because of the difficulty of measuring flux or  current, especially in 
differential form, a second method of specifying radiation intensity is 
often used. In this method the absorption in an absorber, o r  the response 
of the absorber in tine radiation field, is specified. Dose has probably 
been the most commonly used quantity of this type, but much confusion 
has arisen because of the numerous definitions of dose. 

The International Commission on Radiological Units and Measurements 
(ICRU) now recommends the use of absorbed dose. In the ICRU definition, 
absorbed dose of any ionizing radiation is the energy imparted to matter, 
dose rate is the absorbed dose per unit of time. The unit of absorbed dose 
is the rad, defined as 100 ergs per gram of absorbing material. The ma- 
terial must always be specified. The ICRU also defines an exposure dose. 
The exposure dose of X- o r  gamma radiation at a certain place is a meas- 
u re  of the ability of the radiation to produce ionization. The unit of ex- 
posure dose of X- or  gamma radiation is the roentgen (r). One r is an 
exposure dose of X- or gamma radiation such that the associated corpus- 
cular emission per 0.001293 gram of air produces, in air, ions carrying 
one eiec'&o&atic -iii~t of q-UaiLtity of eiecti%icity- of either ski,. 

Biological damage is not determined by absorbed dose alone since 
certain types of radiation are more effective in causing damage than 
others. Hence, it has been necessary to assign agreed relative biological 
effectiveness (RBE) factors to the different types of raditition so that RBE 
doses can be computed. Relative biological effectiveness has been defined 
as the biological potency of one radiation as compared with another. It is 
numerically equal to the inverse of the ratio of absorbed doses of the two 
radiations required to produce equal biological effect. The standard of 
reference is asually 200 kilovolts of X-radiation, which thus has an RBE 
of 1. The RBE for X-rays, electrons, and positrons of any specific 
ionization is 1 (the RBE for gamma rays is also 1.). Values of the RBE 
of neutrons as a function of energy are plotted in Figure 9. If the n e u b m  
energy spectrum is unknown, an  RBE of 10 should be assumed. 

The unit used in the description of radiobiological effects on man is 
the rem. The dose in r ems  is numerically equal to the product of the 
absorbed dose in rads (tissue) and the value of the RBE applicable for 
the radiation in qqestion. Thus, 

RBE dose (in rems) = [RBE] [absorbed dose in rads (tissue)] 

The total RBE dose of mixed radiations is assumed to equal the sum 
of the products of the absorbed dose of each radiation and its FU3E. 
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Maximum permissible radiation exposures to man are specified in 
reference and an addendum dated April  15, 1958. For orientation pur- 
poses, the following are summaries of the basic rules for external 
exposure: 

1. Accumulated dose (radiation workers) 
a. External exposure to the most critical organs. Whole body, 

head and trunk, active blood-forming organs, o r  gonads: the 
maximum permissible dose (MPD) accumulated at any age, 
shall not exceed 5 rems multiplied by the number of years  be- 
yond age 18, and the dose in any 13 consecutive weeks shall not 
exceed 3 rems. Thus the accumulated MPD = 5 (N-18) rems, 
where N is the age in  years and is greater than 88. 

b. External exposure to other organs. 
Skin of whole body: MPD = 10 (N-18) rems, and the dose 

in any 13 consecutive weeks shall not exceed 6 rems. 
Lens of the eyes: the dose to the lens of the eyes shall be 

limited by the dose to the head and trunk. 
Xantis, forearms, feet, and ankles: MPD = 76 rems per year, 

and the dose in any 13 consecutive weeks shall not exceed 25 rems. 

accidental o r  emergency dose of 25 rems to the whole body or a 
2. Emergency dose (radiation workers) 

major portion thereof, occurring only once in the lifetime of the 
person, need not be included in the determination of the radiation 
exposure status of €hat person. 

3. Medical dose (radiation workers) 
Radiation exposures resulting from necessary medical and dental 
procedures need not be included in the determination of the radiation 
exposure status of the person concerned. 

4. Dose to persons outside of controlled areas 
The radiation or aadioactive material outside a controlled area, 
attributable to normal operations within the controlled area, shall 
be such that it is improbable that any individual will receive a dose 
of more than 0.5 rem in any year from external radiation. 

2.5 RADIATION DOSIMETRY AND CONVERSION 

Because of the ready availability of numerous references on radiation 
dosimetry, this disuussion will be applied to the application of single- 
and multiple-collision dose conversion factors. 

The common practice has been to use a single-collision response func- 
tion to calibrate neutron dosimeters against Po-Be sources in air. The 
implied assumption that the neutrons of the incident flux can each make 
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at most only a single collision in the dosimeter seems logical. However, 
a dose measured in air cannot be equated to tissue dose because of the 
importance of multiple collisions and secondary reactions that would oc - 
cur in thick tissue. Measured dose in water would more closely approxi- 
mate tissue dose s ince water is nearly equivalent to tissue in its nuclear 
properties and provides nearly the same buildup. Point kernel calcula- 
tions of doses in  water should agree with dose measurements in water 
if the point kernels were initially fitted to experimental dose measure- 
ments in water. Using the same point kernels to compute tissue dose at 
positions in air would be incorrect. The computed dose in air would have 
to be divided by a weighted average ratio of multiple-collision to single- 
collision conversion factors in order to obtain a valid comparieon. 

Although conversion factors a r e  readily available, single-collision 
conversion factors that were computed by GE-ANPD are included at this 
point for convenknce. Factors a r e  presented for converting gamma r a y  
flux to absorbed dose rates in air, carbon, and tissue; neutron flux to 
first-collision absorbed dose rates  in ethylene and tissue; and neutron 
flux to first-collision RBE dose rates in tissue. The conversion factors 
were calculated by mathematically combining known atomic cross  sec- 
tions, atomic abundances, and RBE factdm. The results presented here 
consist of conversion factors for gamma ray  energies ranging from 0.1 
to 10 MeV, neutron conversion factors for energies ranging from 0.1 to 
18 MeV, and RBE dose rate conversion factors for 0.1 to 18 MeV. Curves 
of these conversion factors a r e  presented in Figures 10 to 12. 
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FACTORS FOFt COlWERfXNG GiUMA RAY ElpERcY Fzux 
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FIGURE ll 

FACTORS FOR COlwERTING " I R O N  F'LUX TO ABSORBED DOSE RATE 
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FACTOWS POR CONVERi!ING HEUTROlp FLUX TO RBE DOSE RATE 
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3.0 SHIELDING CALCULATION METHODS 

3.1 NARROW BEAM ATTENUATION 

As a result of absorption and scattering, the particle flux intensity of 
a narrow monodirectional beam of neutrons or  gamma photons decreases 
in an exponential fashion in penetrating shielding material. This can be 
demonstrated by assuming a narrow radiation beam of cross  sectional 
area C cm2 and flux intensity @o particles cm-2 sec-1 incident normally 
on the face of a layer of shielding material. The sketch in Figure 13 illus- 
trates the penetration of particles through a shield. The flux intensity of 
the beam at a depth x cm within the material has been reduced to a value 
@(x), usually called the uncollided f l u .  The flux intensity per unit area of 
beam cross section is decreased by an additional amount d@ in pene- 
trating an additional distance dx. Since the cross sectional area of the beam 
is defined as C cm2, the number of particles removed in the differential 
thickness of material is Cd@ particles per second. The total reaction rate 
for particle absorption and scattering is @(x)C reactions cm-3 sec-1 where 
C is the total linear reaction cross section of the material. The number of 
particles absorbed or  scatterdd by the volume element of cross section 
C cm2 and thickness dx is, therefore, @(x)C Cdx reactions sec-1. This 
is equivalent to the number of particles removed, since they a r e  lost to 
the monodirectional beam by absorption or changing their direction by 
scattering. The following equation may be written: 

Numberoof particles removed number of particle reacted. 

o r  

on integrating, the uncollided flux @(x) emerging through a slab with 
thickness x is found to be 

where @ O  = initial flux intensity; particles cm-2 sec-1, 

2 = total linear cross  section; reactions cm-1, 

and x = shield thickness; cm at the point of interest. 
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Figure 13. Particle attenuation 

35 



If the particle energy is E (MeV), the attenuation in units of energy 
flux becomes 

I(x) = *(x) (particles cm-2 sec-1) E (MeV particlee1) 

= cP(x)E Mev cm-2 sec-1 

= cPOEe-zx Mev cm-2 sec-l .  

where I(x) is used to designate energy flux and +(x) is used to designate 
particle flux. 

For two o r  more successive layers of different materials of thickness 
x i  and x2 whose cross sections are C1 and C2, Equation 10 becomes 

If particles of two or  more different energies E1 and E2 are considered 
for a given thickness x, the following equation may be used: 

In this case, the linear cross section at the specified energy must be used. 
In terms of dose rate Equation 10 may be written as 

is the previously defined conversion coefficient relating where KTissue 
energy flux intensity and tissue dose rate. 

3 . 2  BROAD BEAM ATTENUATION WITH BUILDUP 

The significance of the terms "narrow beam'' in the previous section 
is the fact that if the radiation beam is narrow, the gamma photons a re  
removed f rom the beam either by absorption or by scattering of the 
photons or  neutrons out of the beam as it penetrates the shield. If the 
radiation beam is a broad monodirectional beam, it may be considered 
to consist of many narrow beams in parallel. In such a case, the parti- 
cles scattered out of a particular narrow beam will  to some extent be 
replaced by particles scattered in from adjacent beams. This has the 
effect of "Building up" the radiation level above that indicated by the 
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simple exponential attenuation law. For the case of photons this may be 
taken into account by modifying Equation 10 to: 

Mev cm-2 sec-l (1 5) I(x) = @oE B E M ( ~ x )  e -ZX 

where BEM is called the monodirectional broad beam energy build up 
factor. In terms of dose rate Equation 15 becomes 

%issaae(x) = @gE K T ~ ~ ~ ~ ~  Bm( Zx) e-zx Rads( Tissue)hr-' (16) 

The specific values of the buildup factors are presented in terms of the 
shield material, the initial gamma energy, and the shield thickness 
in relaxation lengths. The gamma energy and the dose rate conversion 
factors are different for the scattered and unscattered radiation. How- 
ever, this effect is taken into account by the buildup factor. 

If the broad beam penetrates several successive layers of shield ma- 
terials, Equation 16 may be written as 

Rads(Tissue)hr-l (17) 

The value of the gamma buildup factor chosen should be a representative 
value corresponding to the total number of relaxation lengths 
( ~ 1 x 1  + ~ 2 x 2  + 0 9 0 ). If all of the materials are not of the same atomic 
number category, the most conservative procedure is to select a buildup 
factor as though the entire relaxation length thickness were in the ma- 
terial with the highest buildup. However, it is more practical to select a 
value based on the assumption that the entire relaxation length thickness 
were in the material constituting the final layer, as long as the final 
layer has a thickness of one or more relaxation lengths.* 

Dose buildup factors for  a point Isotropic source in water, iron and 
lead are plotted in Figures 14, 15 and 16 respectively. For a shield 
thickness equivalent to 10 relaxation lengths, the dose buildup factor in 
water for a 1-Mev gamma photon is about 27. This may be compared to 
16 for iron and 4.8 for lead for a gamma photon of the same energy. The 
energy absorption buildup factor for a 1-Mev photon at a shield thickness 
equivalent to 10 relaxation lengths of iron is 22 (see Figure 17). 

k e a c t o r  Handbook, Second Edition Vol. 111, Part B, page 117 
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The buildup or correction factor applied to the exponential attenuation 
te rm in iron for 10 relaxation lengths of shield thickness will therefore 
be 22 if gamma heating in iron is desired and 16 if a tissue equivalent 
detector (yielding dose) measurement is being compared. 

Figure 18 is a plot of the dose buildup factor for water for the case of 
a plane monodirectional source. In this case, the buildup factor is 18 for 
a shield with a thickness equivalent to 10 relaxation lengths o r  about 2/3 
the value given for the point isotropic source. 

In practice, the buildup factor is usually used in connection with gamma 
radiation, but it could also be used in the calculation of neutron pene- 
tration. Neutron buildup factors are not now available in the more promi- 
nent literature. For neutrons a practice has been to calculate the neutron 
penetration to some position within the shield using the energy dependent 
collimated removal cross sections. The flux intensity calculated at this 
point is then used as the source term in a subsequent neutron diffusion 
theory caicuiation. This, in effect, accounts for tie buildup of neutrons 
in that region of the shield. With the use of high speed electronic com- 
puters, more sophisticated methods of analysis are used. 

3.3 INVERSE SQUARE LAW 

3.3.1 Inverse Sauare Law For Isotrox>ic Emitter 

Consider the case of a radioactive point source of strength &p particles 
per second which is assumed to be emitted isotropically (same in all di- 
rections) in a vacuum. Now, assume a sphere of radius r (cm) surround- 
ing the source. The surface area of this sphere is 4nr2 cm? Since all 
radiation must pass through the surface of the sphere, Q p / 4 r r 2  particles 
per second must pass through each square centimeter of surface. In other 
words, the flux intensity at a distance r from a point source emitting radi- 
ation isotropically is given by 

This is the "inverse square law" for  an unshielded isotropic source which 
is generally referred to as the geometrical attenuation. If the particles 
have an energy E, the energy flux intensity is 

Q E  
I(r) =+MeV 47r r cmm2 sec" 
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The Dose Rate is 

Q E  
DTissue(r) = KTissue -2 4.rr r rads (Tissue) hr" 

3.3. 2 Inverse Square Law With Attenuation and Buildup 

The inverse square law for radiation from an isotropic point source 
expressed in terms of Dose Rate may be modified by exponential attenu- 
ation and buildup to be 

Q E  
rad( t issue) hr  (2 1) 

-cx  
B ( ~ x ) D I  4.rrr2 e D(xp r)Tissue - %issue 

-- 

a 

where BDI is the point isotropic source dose rate buildup factor. This 
differs somewhat in value from the broad beam monodirectional dose 
rate buildup factor BDM. When shield layers of widely different atomic 
numbers are used, the buildup factor should be handled in the same 
manner as described for the broad beam buildup factor. 

If the source emits particles of several different energies, it is neces- 
sary to make separate calculations for the number of particles emitted - 
of each energy and to add the separate results to obtain the total dose 
sate. 

3.4 RADIATION FROM SHIELDED DISTRIBUTED SOURCES WITH 
SELF- ABSORPTION 

a 

3.4. 1 General Method 

A reactor o r  any radioactive object may be assumed to consist of small 
volume dements, each of which is treated as a point source. The total 
flux intensity at  any external position is then the sum of the separate con- 
t r ibutions. 

Each individual point source is shielded not only by the shield but by 
the remainder of the reactor. This shielding effect of the source is known 
as "self- shielding" or "self-absorption. '' In calculating the attenuation 
from each point source, it will be found that each is shielded by a differ- 
ent thickness of shield. To most of these point sources the shield will look 
thicker than its nominal thickness due to the penetration of radiation at 
slant angles through the reactor and through the shield. This has an  im- 
portant effect on reducing the resultant radiation level at locations im- 
mediately outside of the shield if the radioactive object is distributed 
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over an extended region within the shield. (A long radioactive fuel ele- 
ment closely encased within a lead cask is a particularly important case 
in which the surface radiation level is significantly reduced by slant pene- 
tration through the shield of radiation from the ends of the fuel element. ) 
By drawing a line from each of the assumed point sources to the position 
of the receiver one may measure the thicknesses x ~ ,  x ~ ,  ~3~ o - * *  of re- 
actor and shielding materials which must be traversed and the distance 
r to the receiver. Equation 21 may then be used to calculate the dose 
rate from each source point. If the source emits particles of different 
energies, the calculation must be repeated far each energy group of . 

particles and must also be repeated for each of the assumed point sources 
and the results added to obtain the total dose sate. The integration pro- 
cedure may be performed either analytically OF numerically. 

Equations and tables for  analytically calculating the integrated flux in- 
tensity and dose rate for a number of sources and shields of uniform 
compositions and with simple geometries a r e  available in the listed refer- 
ences. Real source and shields are usually not uniform in composition 
and usually have complex geometries containing structure, voids and ir- 
regularities in shape, These can frequently be approximated to sufficient 
accuracy by the simple; geometries such as spheres, cylinders, slabs and 
lines treated in the references. 

0 

For more complex geometries a numerical integration can be made. In 
the ANP Program, aircraft shield calculations were usually made by as- 
suming a large number of point sources, measuring the shield path from 
each and calculating and numerically adding the separate dose rate contri- 
butions with the use of efectrsnic computers. 

3.4. 2 Point Source Approximation 

In many cases, the distance separating the operator or some receiver 
f rom the radioactive source is usually large compared to the dimensions 
of the source. In such cases approximations can be made relative to 
distance, self absorption and shield thickness which simplify the dose 
rate calculations. 

Distance Approximation - When the relative distance r between the re- 
ceiver position and various points within the radioactive object is large, 
a single representative value of the distance r can be chose. To be con- 
servative this distance can. be measured from the surface of the object 
to the receiver positisla, In practice a position one fourth of the way from 
the surface to  the center of the object can be considered to  be the ef- 
fective location of the point sou~ce .  The representative value of r should 
be measured from this effective point source location to the receiver 
position. 

0 
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Self- Absorption Approximation - A further approximation can be made 
in determining self-absorption of radiation within the radioactive object 
since when it is viewed from a distant position the slant range attenuation 
within the source is not important. Relatively simple analytical expressions 
can then be derived for the fractional amount of radiation escaping the 
sides or ends of simple cylinders or  spheres with a uniform concentration 
of radioactive material. A leakage fraction may be calculated which can be 
applied to the entire object without the necessity of breaking it into small- 
e r ele me nt s 

As  a. consequence of the distance and self-absorption approximations, 
the radiation level from unshielded radioactive sources can be calculated 
by assuming the entire source to be a point source with a leakage fraction 
F, located at a representative distance r from the receiver position. The 
flux intensity at a distance r from an unshielded isotropic source with 
self-absorption then becomes 

QF - 
= 4Tr2 

and the dose rate 

particles cm-2 sec-1 

becomes 

QEF --- - 
rads( T i s sue) hr -' - 

D(r)Tissue - KTissue 4T ,2 

Q is the source strength of the entire reactor or  volume source in parti- 
cles per second and QE the source strength in  Mev per second and is as- 
sumed to be concentrated at a point at the center of the source. 

The leakage fraction F in Equations (22) and (23) is a function of the 
cross  section 2 of the source material and the radius a of a cylindrical 
o r  spherical source or the half length a of a linear source and is plotted 
in Figure 19. For values of X a  greater than 5, the source leakage 
fraction F may be approximated by 

for a cylindrical source viewed from the end 1 F =- 
2I;a 

for a cylindrical source viewed from the side 2 F =- 
TZa 

for a spherical source 3 F =- 
4za 
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The self-absorption factors given in Figure 19 and Equations (24A), 
(24B) and (24C) do not include provision'for buildup of scattered radiation 
within the source. For the case of gamma radiation, the buildup within 
the source may be taken into account with sufficient accuracy by using the 
energy absorption coefficient CE instead of the total cross  section C in 
calculating the value of Ea. This will slightly underestimate the self- 
absorption, thus slightly overestimating the radiation leakage. 

Shield Thickness Approximation - Another approximation may be made 
relative to shield thickness. When viewed from a distant position, the 
differences in shield path length from various points in the source will be 
small. It is reasonable to assume that all parts of the source a re  shielded 
by the nominal thickness of the shield. 

Combining the thickness approximation with the self-absorbing point 
source approximation, a general point source approximation equation for 
the dose rate due to a shielded source with self-absorption may be written 
as 

QEF 
D(x, r)Tissue =KTissue B DI (Ex) 7 4.rr r e-Cx rads(Tissue)hr-' (25) 

where x is the nominal thickness of the shield measured along a straight 
line between the center of the source and the position of the receiver. The 
buildup factor B&x) corresponds only to the nominal shield thickness 
(EX) in relaxation lengths. The leakage fraction F contains both the at- 
tenuation and buildup in the source when used as previously recommended. 

Using Equation (23), the above equation (Equation 25) in terms of the 
unshielded source, may be written as 

D(X, r)Tissue D(r)Tissue BDI(CX) e -CX rads( Tissue)hr-' 

If the dose rate is to be calculated for several different shield thick- 
nesses, it is usually advisable to calculate D(r)Tissue (unshielded) first 
using Equation (23) and then use Equation (26). 

These approximate methods are sufficiently accurate for the condition 
of large source-receiver distances. From a practical viewpoint, the ap- 
proximate method can also be used for positions close to the shielded 
source since the e r r o r  will  be such as to overestimate the radiation level. 
Even for positions directly on the surface of the shield with the source 
directly inside the shield, it is improbable that the radiation level in 
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practical cases will be overestimated by more than a factor of 2 to 5 as 
compared with the more accurate methods. This is acceptable in most 
cases since little time is usually spent in such close proximity by oper- 
ating personnel. However, for special cases where prolonged personnel 
o r  equipment exposure is planned for operations very close to the shield 
surface with sources of relatively large dimensions compared to the 
shield thickness, it is advisable to make the more accurate calculation 
to avoid over-conservatism in radiation exposure or in shield thickness 
and weight. 

3.4.3 Surface Current Method 

If the surface radiation current is already known for a radioactive ob- 
ject, it may be treated as an assembly of surface source elements, 
rather than volume elements. 

For  example, assume that the current through the surface of a reactor 
is known to be J gammas cm'2 sec'l. A surface element of area AS cm2 
acts like a point source whose strength is Qp = JAS gammas/sec'l. The 
particles which leave such a point source may proceed in any direction 
into the region outside the surface, but the emission per unit solid angle 
is greatest in the direction predominately normal to the surface. Conse- 
quently, the source strength will appear different to observers at various 
angles 8 to the surface normal. The flux intensity from such a surface 
element at a distance r is closely approximated by the expression 

particles cm-2 sec-l 2JAScos 8 
2a r 2  

@(r, 8) = 

Presumably self-absorption in  the reactor has already been considered 
in determining the value of the surface current J. Hence, no separate 
source leakage factor is needed. More careful consideration of a specific 
internal source distribution, and self-absorption may result in a differ- 
ent angular dependence such as cos2 8 or  combinations of isotropic and 
cosine distributions. However, for first approximations, the assumption 
of a simple cosine 8 distribution for the case described is adequate. 

It should be noted that the cosine distribution applies to cases where 
the real sources are internal and the surface element of source strength 
JAS particles per sec represents a fictional, although convenient point 
source. If on the other hand there are no internal sources but all the 
radioactive material is deposited on the surface so that Qs particles per 
second are being emitted per cm2 of surface, then each surface element 
should be treated as an isotropic emitter of source strength Qp = QsAS 
particles per sec- l  for use in Equation (25). 
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Rules regarding the choice of the distribution law for radiation leaving 
the surface of a contained radioactive source may be listed as follows. 

Spherical Distribution - When self-absorption in the source is unim- 
portant and the source is homogeneous (i. e. the activity per unit volume 
is constant throughout the source), it may be considered that the rays 
from that part of the source which is "looked at" by an observer a re  uni- 
formly distributed in  all directions. In other words, a fraction 1 1 2 ~  of 
the particles emitted through 1 cm2 of surface go into unit solid angle. 

Cosine Distribution - A self-absorbing, homogeneous source such as 
a slab of active metaror a body of active solution emits more strongly in 
the forward direction, i. e. along the normal surface of the slab. If the 
flux through the surface is J, the number emitted into unit solid angle at 
the angle 8 is (25 cos 8 ) / 27r. (See Equation 27. ) 

Fermi Distribution - A self-absorbing, inhomogeneous source such as 
a reactor, in which the activity per unit volume increases with increasing 
distance below the surface, emits even more strongly in the forward di- 
rection. A reasonable approximation for this situation is the Fermi dis- 
tribution, according to which the number into unit solid angle at the angle 
8 is [O. 93 J(cos 8 + fi cos2 6 ) ] / 2 n .  In this  case Equation (27) would become 

particles cm-2 sec-1 ( 2 8 )  
0.93JAS [cos O + f i  cos2 81 @(r, 8) = 

2rr l-2 

3.4.4 Tws-Component Method - 

In the case of a shielded source of neutrons, for instance, the radiation 
to some receiver point may be assumed to arrive from two distinct regions 
of the reactor- shield assembly, The first component, which is obtained 
by a volume integration over the active core of the reactor, consists of 
neutrons that a r e  essentially uncollided and/or neutrons that have under- 
gone very low angle elastic scattering. This narrow beam of radiation is 
called the collimated component. 

The second component which is obtained by a surface integration over 
the major shield exterior surface consists of neutrons that have undergone 
large angle elastic scattering and neutrons that have been inelastically 
scattered and reduced in energy. This radiation which has scattered 
several times is called the diffuse component. 

Consider the case of a point source located in the finite shield as shown 
in Figure 20. The radiation calculated to some detector point will  consist 
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Figure 20 - Sketch I l l u s t r a t i n g  the Two-Component Concept 
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of a contribution by the collimated component, which considers only the 
linear path connecting the source and the detector, plus a usually larger 
contribution by the diffuse component from the surface. The difference 
in magnitude between the two components may be attributed primarily to 
the fact that (a) the isotropic detector subtends a large solid angle of the 
surface source compared to the point source, (b) the collimated component 
may at certain angles see local thicker-than-average portions of the 
shield along the linear path, and (c) the cross  sections used for  each com- 
ponent are not the same. 

A knowledge ob both the collimated and the diffuse radiation leaving the 
reactor shield assembly is required for the optimum design of a shield, 
especially for the case of a shadow shield considered in space applications. 

3 . 5  HEAT GENERATION IN SHIELDS 

The absorption of neutrons and gamma rays in reactor shields releases 
radiation energy which is ultimately converted to thermal energy. This 
heat release is mostly concentrated on the inner sides of the shield, where 
special cooling may become necessary. As a general pule heat production 
in the shield may come from three primary sources. These sources a re  
(a) the gamma radiation from the reactor, (b) the fast neutron radiation 
from the reactor, and (c) the gamma radiation or  the charged particles 
which a re  emitted from the nuclides when neutrons a re  captured within 
the shield material. Although the thermal neutrons incident to the inner 
part Qf the shield a re  not important throughout the shield, they may con- 
tribute appreciably t0 the energy release at the shield-reflector interface. 

especially when the shield system is designed for a compact reactor oper- 
ating at high power, a situation in which large temperature increases may 
be expected. The allowable temperature increases a re  determined princi- 
pally on the basis of thermal stress. Materials with low thermal conduct- 
ivity may experience a very appreciable temperature rise; and conse- 
quently, the thermal s t resses  from the temperature differences within a 
shield may cause cracking or deformation which effect the integrity and 
performance of the shield. This effect may sometimes be avoided by 
dividing the shield into a number of smaller regions which a re  inde- 
pendently supported or by placing a thermal shield between the reactor 
and the bulk shield, the latter often referred to as the biological shield. 
The purpose of the thermal shield is to absorb much of the low energy 
neutrons and gamma radiation in a material that may be easily cooled so 
that the rest of the bulk shield will  not receive a large thermal (or heat 
generation) gradient. 

Nuclear heat generation plays a major consideration in  the shield design, 
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3. 5. 1 Neutron Heating 

Energy absorption from neutron energy degradation by shield materials 
may be calculated at any point in the shield from the relation 

Hn(x) = Co J Z ( E ,  x) Es(E, x)@(E, x)dE watts cm-3 (29) 

where Hn(X) = heat generation at x; - 
AE(E, x) = average energy loss per scattering collision for 

Es(E,x) = macroscopic scattering cross  section at x for 

4(E,x) 
CO 

neutrons of energy E at x; 

neutron of energy E; 
= flux of neutrons with energy E at x; 
= 1.6 x 10-13 watt sec Mev'l. 

The integration extends over all energies present. 

3.5.2 Charged-Particie Heating 

Energy absorption of charged particles which are emitted in the capture 
of thermal neutrons such as the boron, (n, a$ reaction, is important princi- 
pally for a few slight elements and for fissionable materials that may be 
in the shield. Energy absorption from charged-particle emission is given 
by 

Hc(x) = Co J EC ZaO(E, x) 6( E, x) dE watts cmW3 (30) 

where Hc(x) = heat generation at x; 
E aC(E, x) = macroscopic neutron cross section for charged- 

EC = charged-particle energy; 
CP (E, x) 
CO 

3. 5.3 Gamma Heatim 

particle emission at x; 

= neutron flux at x for neutrons with energy E; 
= 1,6 x 10- 13 watt  sec MeV' l. 

Energy absorption of gamma rays by shield materials may be calcu- 
lated at any point in the shield from 
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where H,,(X) = heat generation at x; 
= energy of gamma rays; E 

CaE(E, x) = energy absorption coefficient of the shield 

@(E,x) 
CO 

materials for gamma rays of energy E at x; 
= flux of gamma rays with energy E at x; 
= 1.6 x 10-13 watt sec Mev 

Capture gamma heating requires the knowledge of the neutron flux 
throughout the shield. Based on this neutron pattern, the number of 
neutron captures or the number of neutrons which are inelastically 
scattered are then determined. This information will then yield the 
number of gamma rays and the respective energies which are generated. 
By assuming that these gamma rays a re  emitted isotropically in the 
shield, a calculation of the gamma heating may be made. Therefore, in 
addition to the gamma rays that originate within the reactor the value of 
ay(E, x) in Equation (31) should also include the gamma rays  which a re  
generated i n  the shield. Due to the complex nature of the calculation of 
this form of shield heating, it is recommended that reference be made 
to a more detailed presentation. A s  a rule, however, a Monte Carlo 
computer program is used to solve this type of heating since the part of 
the shield that may be critical (from the standpoint of overheating and 
the subsequent thermal s t ress  limitations) is irregular in shape and, 
therefore, not easily simulated for a rigorous analytical. solution. 

3. 5.4 Nuclear Heating in Liquid Hydrogen 

In the development of nuclear powered rockets, an accurate determi- 
nation of the nuclear radiation heating in the rocket fuel and of the radi- 
ation transmitted to the payload region is required. Since liquid hydrogen 
is a likely fuel for propulsion, the accurate calculation of radiation heat 
deposition and radiation transfer in this media is of considerable im- 
portance for obtaining an optimum design. 

A set  of calculations* obtained by the use of Monte Carlo techniques 
for the case of plane slab geometries and right circular cylinders with 
flat ends have been made for a family of monoenergetic neutrons and 
gamma rays. A curve showing the relative heating rates of 
neutrons and gamma rays as a function of the depth in  a liquid hydrogen 
slab is given in Figure 21. The calculations were based on 1 particle 
cm-2 sec-1 incident normal to the slab surface. 

3-Mev 

MTP-RP-62- 1, M. 0. Burrell, "Nuclear Radiation Transfer and Heat 
Digestion Rates in Liquid Hydrogen, (( February 1962. 

* 
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3.6 SCATTEFUNG OF RADIATKON .- 

3. 6. 1 Gamma Scattering 
-- 

The scattering of radiation plays an important role in the design of 
divided shield propulsion systems and also in the design of power plant 
test facilities. 

The calculatfon of the scattered radiation may be made in the follow- 
ing steps: 

a. Break the scatterer into a number of mass o r  volume elements 
b. Determine the flux intensity and energy of radiation at the position 

of each of these elements 
c. Assume that each element is a point source of the scattered radi- 

ation and calculate the flux intensity and energy of the radiation 
scattered to the observes 

d. Add the separate contributions from each scattering element to ob- 
tain the total flux intensjty or dose rate at the observes position 

scattering process to a value, Ea, where t he  ratio E2/E1 is given by 
The gamma raf of initial energy E1 is then reduced in energy in the 

This ratio is given in Figure 22 for various energies E1 and the scatter- 
ing angle 8. 

3. 6. 1. 1 Thin Scatterers -- 

For thin scatterers such as viewing mirrors, thin shells and structur- 
al materials, the absorption of the gamma rays may be neglected. In this 
case the scattering medium (element) with a thickness Ax (cm) and area 
AS (cm2) with a density p (gm cm-3) will  have a mass 

The gamma ray flux at a distance r2 due to scattering through an angle 
8 from an individual element of mass AM is 
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where 6.023 x is Avagadros’ number and 
z 
A 

dS1 corresponding to the energy E1 of the incident 
gamma photon 

91(rl) = incident gamma ray  flux intensity, gammas cmm2 ssc”’ 

= atomic number of scattering material 
= atomic weight of scattering material 

- does = Klein-Nishina differential scattering cross section 

The Klein-Nishina differential scattering cross section gives the number 
of gamma photons scattered by a single free electron into a unit solid angle 
at an angle 8. It is related to the Scattering angle and the gamma energies 
by the equation 

where (5) is the classical radius of the electron. 

The incident gamma ray flux intensity Ql(r1) is given by Equation (18) 

The number of electrons in M grams of an element of atomic weight A 
and atomic number Z is 

M [z] [6.02 x 1023] electrons 

For most elements Z/A is about 1/2. Hence, the scattered gamma photon 
flux at a distance r2 and in the direction 8 from a small scatterer of mass 
M is from Equation (35) 

@2 (r2) = @1(rl) M r i 2  [O. 024 K(E, e ) ]  gammas cm-2 sec-l (36) 

The function K(E, 8 ) is plotted in Figure 23. The quantity 0.024 K(E, 0)  
may be regarded as the probability that the photon energy will scatter into 
unit solid angle at the angle 8, per unit mass of scatterer. 
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3.6. 1. 2 Thick Scatterers 

A thick scatterer differs from the above case in that absorption in the 
scatterer must be taken into account. This may be calculated as follows: 
Let 

= angle between the incident beam and the normal to 

= angle between the emergent beam and the normal 

= angle of scattering (1800 - 91 - 62) 
= distance below the surface of the slab (measured 

the surface of the slab 

to the surface of the slab 
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e 
X 

along the normal to the surface) at which scattering 
occurs 

dx 
21, E2 = absorption coefficients of the slab for incident and 

i@l(rl) = intensity of the beam arriving at the surface of the 

@2(rg) = intensity 1 cm from the surface of the slab 
A 

= element of thickness of slab 

eme rgent radiation, respectively 

slab 

= cross  sectional area of the incident beam if  the slab 
is larger than the beam; or, the projected area of the 
scatterer in the direction of the incident beam if the 
beam is larger than the scatterer 

The value of iBa(ro), the intensity at distance P cm f r o m t k  slab in,the 
direction of the observer is the integral of the following factors: 

a l(r1) 

,-'Ix 
to a depth x 

pA SFC 81dx = mass of scattering element of area A sec 81 
thickness dx, and density p .  

0.024 K(E, e )  = probability of scattering into unit solid angle 
in direction 62, per unit mass of scatterer 

e-c2x 
through the surface of the slab 

= intensity of beam arriving at the slab 

'1 = fraction of incident energy which penetrates 

g 2  = probability of escape of scattered photon 

dx - ( ~ 1  sec el+ '2 sec e2)X a2(ro) = 9 1 ( r l ) A  r p  0.024 K(E, e)  sec el e 

(37) 
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which has the following solution 

=7 R(E1 81 62) 

When only Compton scattering is involved (slab contains only light ele- 
ments and gamma energy is high), the mass absorption coefficients Z / p  
are functions of energy only and are  independent of the composition of the 
slab. Under these conditions the function R(E1.01 82) which is plotted in 
Figure 24 may be used as a reflection coefficient, since it is essentially 
the ratio 

- -  

energy scattered into unit solid angle toward the observer 
total energy arriving at the slab 

When the geometry is such that both source and scatterer may be 
treated as points, the intensity at the observer is 

3.6.2 Neutron Scatterim 

3. 6.2. 1 Structure Scattering 

The structure scattering for neutrons may be calculated in a manner 
similar to that for gamma ray flux as given in Equation 

This equation assumes that the scattering elements AA are sufficiently 
small and r l  and r 2  sufficiently large that the scatterer may be con- 
sidered a point source. Unfortunately reflection coefficients Rn(E1 01 %) 
are not available in the same form as that given for the gamma photons. 
Another factor R(T) called the dose albedo for neutrons as a function of 
the thickness T of the scattering medium, however, has been reported.* 

Reactor Handbook, Second Edition, Vol. In, Part B, page 281. 4 

a 
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where *( 80, g) = neutron flux at observer located at g feet from 
the source for a beam of monoenergetic neutrons 
leaving the source at an angle 80 with the source- 
observer line 

80 
g 

ZS(Eo) 

= angle of source beam with source-receiver line 
= separation distance in feet (calculations include 

= macroscopic scattering cross  section in air at 
distances up to 100 feet) 

initial energy Eo 

3.6.2.3 Shield-Suriace Scattering 

In the design of shadow shields for space applications the knowledge of 
the angular distribution of the radiation leaving the surface of the shield 
becomes important. 

As an example consider the sketch in Figure 25 where a reactor and a 
detector are located in some fixed geometry. Assuming that the surface 
or  diffuse components of the radiation leaxing the surface of the shield 
play an important role in the amount of low and intermediate energy 
neutrons that are detected by a neutron dosimeter, then a comparison may 
be made for a (1) slab shadow shield and (2) a proposed conical shield as 
shown in the figure. The object of a conical design is to direct the diffuse 
component of the radiation away from the detector position rather than 
toward it. The collimated component, however, will  not be appreciably 
different for either design. This analysis is based on the case where the 
detector is located twice as far from a shield surface as the shield is 
from the reactor. If the half angle of the cone (a) is varied but the axial 
thickness To of the shield is fixed, then assuming in this ideal study that 
the amount of structure does not increase significantly for reasonable 
cone angles, the shield weight for the two configurations should be es- 
sentially the same. The objective of this study, therefore, is to demon- 
strate the decrease in the diffuse component of the radiation at some de- 
tector position for a fixed shadow shield weight system. 

Figure 26 illustrates the importance of the angular distribution of the 
radiation leaving the surface of the shield. In this figure, the dose due to 
the diffuse radiation at the detector position for the flat shield divided by 
the dose calculated at the same position for the conical shield of half 
angle alpha is shown as a function of alpha. For 90° this ratio should be, 
and is, equal to unity. It may be seen that as the angular distribution of 
the radiation becomes more forward on the surface of the shield the gain 
increases. For the case of the cosine of the first power it may be seen 
that the change in dose rate does not vary too much from unity. This is 
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For the case of iron, lead and lucite it has been shown that for T = 1/2 
inch the albedo R(T) is equal to 0. 10 for the dose of neutrons which were 
incident normally to the slab. For larger thicknesses (about 4.5 inches) 
the iron and lead reflects about 50 percent of the neutron dose and the 
lucite about 25 percent. 

An approximate calculation of scattered neutrons may be performed as 
follows: Let 

91(r1) = number of neutrons arriving at a unit mass of 

=S = macroscopic scattering cross section, cm- 
P = density of the material, gm cmm3 
AM = mass of scattering element 
92(r2) = number of neutrons arriving at the abserver 
si9 r2 = distance of source of neutrons to the scattering 

mass and distance from the scatterer to the 
observe P 

scattering material 
1 

By assuming isotropic scattering and no energy loss on scattering or  ab- 
sorption in other material the following equation may be written 

L 
QP ~ 

where @l(rl) = 2 4 n r l  

1 and 

3. 6. 2. 2 Air Scattering 

A i r  scattering of neutrons has played an important role in  the ANP 
program where the divided shield system depended on accurate pre- 
dictions of the scattered neutrons arriving at the crew compartment. 
Consequently a large amaunt of computations have been made and re- 
ported in the references listed. 

Qp = point isotropic source, neutrons sec' 

It has been shown* by Monte Carlo calculations that multiple scatter-d 
neutrons in air may be approximated by 

z ~ ( E ~ >  (n - e,) neutrons cm-2 sec-1 
4ng sine0 source neutron sec-1 

W0,d = 

*F. L. Keller, et al. Monte Carlo Calculations of Fluxes and Dose 
Rates Resulting from Neutrons Multiply Scattered in Air. ORNL-2375 
( 19 58). 
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Figure 26 - Diffuse Component Dose Reduction Factor 
For Various Surface Angular Distributions 
as a Function of C one Half Angle 
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due to the compensating effect of shield surface area increasing as*the 
cosine of the first power. The slight increase noted below 30 degrees for 
this case is a geometry effect. It is felt that for the diffuse component, 
the angular distribution leaving the surface of the shield should at least be 
in the neighborhood of cosine squared theta and, therefore, for a co-angle 
of about 40 degrees a factor of two decrease in the diffuse dose may be 

sign. Since in the many cases studied, the collimated component at equi- 
librium shield thicknesses was found to contribute only about 10 percent 
of the dose the observed reduction of a factor of two would, therefore, be 
applied to 90 percent of the total dose of this system. 

0 

1 obtained by considering the conical design compared to that of a slab de- 

* 

, 
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